The phosphoinositide 3-kinase (PI3K)͞Akt pathway controls a vast array of normal physiological processes and is frequently aberrantly activated in cancer, thus identifying PI3K͞Akt-signaling components as promising drug targets in oncology. However, implementation of rational cancer therapies for this pathway needs robust and simple tools to stratify patients according to PI3K pathway activation and to validate and measure the impact of targeted inhibition on primary cancer tissues. Herein we present a technique for the quantification of the PI3K͞Akt-signaling pathway based on the mass spectrometric measurement of PI3K-dependent protein kinase activity in cell lysates. The concept of this application of MS is to exploit enzymatic activity to amplify the signal of the enzyme under study analogous to the PCR used to amplify nucleic acid sequences. We show that this approach allows quantitative analysis of a cell-signaling pathway with high sensitivity, precision of quantification, and specificity. Due to its special analytical capabilities and potential for multiplexing, this approach could contribute significantly to cell-signaling studies and to the development and implementation of personalized cancer therapies.
S
ignal transduction pathways downstream of receptor tyrosine kinases control a large array of biological processes, including energy metabolism, cell proliferation, survival, cell motility, and immune responses. One of these pathways, the phosphoinositide 3-kinase (PI3K)͞Akt axis, is one of the most frequently deregulated pathways in cancer (1) (2) (3) (4) by virtue of oncogenic mutation, by overexpression of its signaling components (5) (6) (7) (8) , by inactivation of the PTEN tumor-suppressor protein, which opposes PI3K action (9) (10) (11) (12) , or by being at the crossroads of upstream oncogenic signals (reviewed in ref. 4) .
Because of the importance of this pathway in the control of several biological and pathological processes (13) (14) (15) , robust methods to quantify its activation are needed. PI3K catalyzes the phosphorylation of the lipid phosphatidylinositol-4,5-bisphosphate to form phosphatidylinositol-3,4,5-trisphosphate, a second messenger that is needed for the activation of downstream Ser͞Thr kinase protein kinases, such as Akt [also known as protein kinase B (PKB)] and phosphoinositide-dependent kinase-1. The assessment of lipid production by various approaches has turned out to be cumbersome, and it is thus far not possible to directly measure production of phosphatidylinositol-3,4,5-trisphosphate in tissue samples. Activation of the PI3K pathway is therefore commonly assessed by examination of signaling components downstream of PI3K. These components include Akt͞PKB and kinases farther downstream of the Akt͞PKB cascade, such as p70-S6K. Most often, this examination is performed by indirect assessment using immunochemical methods that measure the phosphorylation status of Akt on Ser-473 or Thr-308 or of S6, a ribosomal protein substrate of p70-S6K, on Ser-235͞236. A drawback of this strategy is its limited dynamic range and its subjective and semiquantitative nature, making it impossible to compare data from different laboratories and difficult to implement in routine analysis of tumor samples.
Quantification of phosphoproteins or their phosphorylated sites by MS has proven useful for studying the mechanisms of signal transduction (16) (17) (18) . On the basis of its specificity and precision of quantification, MS could, in principle, be an ideal method to quantify phosphorylation sites that correlate with pathway activation (19) . However, currently used MS methods are not practical alternatives for the quantification of signaling pathways, because their sensitivities make these approaches unsuitable for many biological applications. Moreover, another important limitation of phosphoprotein analysis (either by immunochemistry or MS) as a surrogate measure for pathway activation is that this strategy also fails to take into account other covalent and allosteric modifications and protein-protein interactions that modulate enzymatic activity (20) .
We present an alternative approach for the quantification of pathway activation that is based on mass spectrometric measurements of enzymatic activity, which is arguably the most important parameter of enzymes affecting cell biology (rather than their amounts or phosphorylation status). MS has been shown to be a useful tool for the determination of enzymatic activity (21) , but, to the best of our knowledge, its utility for absolute quantification of protein kinase activity in tissue extracts has not been documented. In this study we used MS for the quantification of PI3K-dependent protein kinase activity toward a substrate that is highly selective for this pathway, thereby directly quantifying a biochemical property of protein kinases that has not been investigated by MS thus far to a significant extent. We have found that this approach allows for the specific and sensitive quantification of pathway activation in absolute units, an important requirement for clinical analysis and a limitation of other detection methods, such as those based on radioactive and fluorescence techniques (22, 23) .
Results
Our strategy (Fig. 1A) uses a nonradioactive isotope dilution approach and MS to quantify protein kinase activity toward the RPRAATF peptide (24) (hereafter named ''Aktide''), a highly selective substrate of protein kinases, such as Akt and SGK, downstream of PI3K (22, (24) (25) (26) , with Akt͞PKB being particularly active toward this peptide. Indeed, protein kinases downstream of PI3K [chiefly Akt͞PKB and SGK (22, (24) (25) (26) ] phosphorylate Aktide with faster kinetics than do other protein kinases, thus making the contribution of nonspecific protein kinases to overall Aktide kinase activity in cell lysates negligible (see below and refs. 22 and 24) . A known amount of phospho-Aktide (p-Aktide) labeled with stable isotopes (see Materials and Methods) is used as an internal standard (IS) to quantify the amounts of p-Aktide produced per unit of time. Standard curves constructed with synthetic peptides showed that this method can be used for absolute quantification of p-Aktide with great precision (Fig. 1B) , with coefficients of variation being Ϸ5% on average.
A combination of the amplification nature of enzymatic activity measurements and the sensitivity of MS contributed to sensitivities in the zeptomole range (1 zmol ϭ 600 molecules) of recombinant Akt͞PKB ( Fig. 2A) . Likewise, kinase activity toward Aktide could be measured in 30 ng of lysate of a B lymphoma cell line ( Fig. 2B ) with a signal-to-noise ratio, indicating that this approach allows for measuring signal transduction pathway activation with great sensitivity; the use of new generation commercial mass spectrometers, such as linear ion traps or Fourier transform ion cyclotron resonance instruments, should result in the achievement of even lower limits of detection. This sensitivity sharply contrasts with that afforded by currently used MS methods for the quantification of phosphoproteins in cells that require Ϸ10 7 -10 8 cells per experimental point (16, 17, 27) .
In agreement with previous studies (22) , Ն80% of activity in cell lysates of an exponentially growing B lymphoma cell line was sensitive to pretreatment of the cells with PI3K inhibitors (Fig.  3A) , with activity being equally inhibited in total cell lysates and Akt immunoprecipitates (Fig. 3B) . Aktide kinase activity in B cell lysates increased upon treatment of the cells with broadspectrum (pervanadate) or physiological (anti-IgM, to activate the B cell antigen receptor) activators of PI3K activity in a PI3K inhibitor-sensitive manner (Fig. 3C ). Residual Aktide kinase activity in the presence of PI3K inhibitors correlated with residual Ser-473 phosphorylation on Akt͞PKB detected by Western blotting (Fig. 3C Top) . These results indicate that Aktide kinase activity is a specific readout for the PI3K͞Akt pathway.
Potential applications of this method include the detection of malignancies with an overactive PI3K͞Akt pathway, thus allowing for patient stratification and the quantification of the effects of PI3K͞Akt pathway inhibitory agents in vivo. It has thus far been difficult to quantify PI3K͞Akt pathway activation, especially in solid tumors. We found that mouse B16 melanoma tumor biopsies showed a robust Aktide kinase activity of 335 Ϯ 53 fmol͞min per g (Fig. 4A) , which decreased significantly (P ϭ 0.0143) upon in vivo treatment of animals with the pan-PI3K inhibitor LY294002 (Fig. 4 A) . The sensitivity of our method also allows quantification of PI3K͞ Akt activity in the rare cancer stem cell population, which likely needs to be eradicated to achieve therapeutic success. Relatively small numbers of these cells can be isolated, and this has precluded the use of standard biochemical analysis. Cancer stem cells are best characterized phenotypically in acute myeloid leukemia and are present in the CD34 ϩ CD38 Ϫ fraction (28) . PI3K͞Akt activity was readily quantified in the leukemic stem cell fraction from four individuals with acute myeloid leukemia with significant interindividual variation in absolute levels of activity (Fig. 4B) . 
Discussion
MS is perhaps the most powerful analytical method thus far available for the identification and quantification of proteins and their sites of modification (29) . Because of its specificity, MS is often preferred over immunochemical, radioactive, or optical methods for quantitative analyses, especially when the quantification is performed by liquid chromatography (LC)-MS͞MS and reaction monitoring, which completely eliminates the possibility of artifacts due to nonspecific signal (30) . The demands of proteomics have resulted in the development of mass spectrometers of increasing sensitivity, with typical limits of detection in the subfemtomole range. However, signaling proteins are most often present at considerably lower amounts in cells, and phosphorylation sites exist at very low stoichiometric levels. This fact means that even the most sensitive mass spectrometers struggle to detect sites of modification on regulatory proteins (quantification being even more challenging). Thus, MS-based proteomic studies aimed at investigating the mechanisms of signal transduction have used large numbers of cells (typically Ϸ10 8 ) per data point (16, 17, 27) , overexpressed the protein under study (18) , or performed analyses on recombinant proteins (31) . Clearly, these strategies are not applicable to the analysis of all biological specimens, and it is extremely challenging for current mass spectrometric methods to detect regulatory proteins and their sites of modification in clinically relevant tissues such as biopsies.
An amplification method for proteins compatible with MS analyses should facilitate the implementation of MS methods for the analysis of these more challenging biological specimens. Exploiting the intrinsic activity of enzymes allows amplification of the signal of proteins with catalytic activity, thus facilitating the targeted mass spectral analysis of enzymes with great sensitivity and in a manner that, by including isotopically labeled ISs, also provides a quantitative measure of their activation status in absolute units. We have applied this analytical strategy to the PI3K͞Akt pathway and show that it is possible to quantify signal transduction pathway activation (i) with great precision (Fig. 1) , (ii) with high sensitivity (Fig. 2) , and (iii) in a specific manner (Fig. 3) .
Oncogenic somatic mutations in the p110␣ isoform of PI3K have been identified in many different types of cancer (6, 32, 33) . Similarly, PTEN, a lipid phosphatase that degrades the phosphatidylinositol-3,4,5-trisphosphate lipid, is a tumorsuppressor gene that is inactivated or underexpressed in many cancer types (3, 4, 9 -12) . Recently, a systematic genetic analysis indicated that Յ40% of colorectal cancers may present mutations in PI3K͞Akt pathway members (5) . Many other studies have provided overwhelming cumulative data indicating that the PI3K͞Akt pathway may be overactivated in 10 -50% of most cancer types (for examples, see refs. 8 and 34 -38) , making this pathway one of the most frequent aberrantly activated signaling pathways in cancer. Thus, small molecule modulators of PI3K͞Akt signaling offer enormous potential for the treatment of several types of malignancies, and some of them are already in the clinic or in preclinical stages of development (1). However, individual tumors with similar pathology may have a different spectrum of underlying genetic mutations in cancer-causing genes. Therefore, although modulators of PI3K͞Akt will probably benefit a significant proportion of cancer patients, an even larger percentage of tumors may not respond to these inhibitors. Thus, development of methods that can identify the patient subpopulation with an aberrantly activated PI3K͞Akt pathway has been recognized to be of paramount importance for successful therapeutic strategies that target this pathway (1, 39). The approach described here enables the robust measurement of signal transduction pathway activation in primary tumor tissues with the sensitivity, specificity, and precision needed for providing clinically useful information (Fig. 4) .
Although we have initially focused on the PI3K͞Akt pathway because of its importance as a therapeutic target in cancer, this analytical strategy could easily be applied to any enzyme whose product is amenable to mass spectrometric detection, provided that at least one substrate specific for the target enzyme is available. In addition, the specificity of MS offers the opportunity of measuring several reaction products simultaneously in a fast format that can be easily automated for clinical implementation. Such an approach could be applied to identify the subpopulation of patients that may benefit from targeting a specific pathway, avoiding unnecessary potential side effects, and also to the pharmacodynamic validation of new drugs by enabling an accurate assessment of target inhibition in primary tissues. This technique has the potential to significantly contribute to making the concept of personalized cancer therapy into a clinical reality. were injected with 50 l of 10 M LY294002 or vehicle 2 h before surgical excision. Tumor biopsies were snap frozen in liquid nitrogen and kept at Ϫ80°C until the day of analysis. Frozen primary acute myeloid leukemia samples were rapidly thawed, washed, and allowed to recover in RPMI medium 1640 with 10% FCS at 37°C in 5% CO 2 for 3 h. Cells were then incubated with phycoerythrin-conjugated anti-CD34 (BD Pharmingen) and FITC-conjugated anti-CD38 (DAKO) monoclonal antibodies for 30 min on ice. Cells were sorted in PBS into CD34 ϩ CD38 Ϫ (stem cell) and CD34 ϩ CD38 ϩ fractions on an EPICS Elite flow cytometer (Beckman-Coulter). After centrifugation, cell pellets were resuspended in RPMI medium 1640 with 10% FCS and allowed to recover at 37°C in 5% CO 2 for 1-2 h. Typical cell yields ranged from 5 ϫ 10 3 to 7 ϫ 10 4 stem cells per patient. Samples were obtained with informed consent and Ethics Committee approval.
Preparation of Biological Material for Analysis. Cultured cells were lysed in lysis buffer (1% Triton X-100͞150 mM NaCl͞1 mM EDTA͞Tris⅐HCl, pH 7.4͞1 mM DTT) containing protease and phosphatase inhibitors. Frozen, solid tumors were homogenized in lysis buffer by using a pestle. After centrifugation at 20,000 ϫ g, cell lysates and tissue homogenates were ready to use as enzyme source. 
